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In patients with chronic myocardial infarction, ventricular tachycardia 
originating in the interventricular septum may account for a significant 
number of arrhythmia recurrences after direct ablative operations. We 
used total computer-assisted cardiac mapping (epicardial sock, left and 
right ventricular endocardial balloon electrode arrays) to assess whether 
tachycardia originating in deep or right-sided layers of the interventricular 
septum is associated with a specific pattern of epicardial activation 
sequence. We performed these studies during operations in 18 patients and 
during experiments in 12 dogs in which a septal myocardial infarction was 
produced by ligating the anterior septal coronary artery. Intraseptal needle 
electrodes were plunged into the septum of all animal preparations to 
generate pace-mapping data and to obtain intraseptal recordings (six 
preparations) during reentrant ventricular tachycardia induced by pro- 
grammed stimulation. In addition, pace-mapping data of infarcted canine 
heart preparations were compared with those of nine healthy heart 
preparations. In the clinical study, 31 ventricular tachycardias with a septal 
site of origin were analyzed. Twenty tachycardias displayed an epicardial 
breakthrough in the area of the interventricular g oove, whereas 11 had an 
epicardial breakthrough in the right ventricular free wall. Biventricular 
endocardial mapping revealed that left septal endocardial activation pre- 
ceded right septal activation in the former and that right septal activation 
occurred earlier in the latter. In the experimental study, 14 ventricular 
tachycardias (cycle length 146 - 34 msec) were induced by programmed 
stimulation in 11 infarcted heart preparations. Eight tachycardias display- 
ing an epicardial breakthrough on the right ventricle were found to 
originate in the right ventricular septal subendocardial l yers, whereas ix 
tachycardias in which the epicardial breakthrough occurred on the anterior 
interventricular g oove originated in the left ventricular septal subendo- 
cardial layers. The epicardial breakthrough preceded the left ventricular 
endocardial breakthrough in six tachycardias (85.7%) originating in inter- 
mediate or right ventricular septal ayers, but in only one of five tachycar- 
dias originating in the left ventricular septal ayers. In the pace-mapping 
study, the epicardial breakthrough shifted progressively from the right 
ventricular f ee wall toward the interventricular g oove area in response to 
pacing from the right, intermediate, and left ventricular thirds of the basal 
septum. This relationship was similar for infarcted and noninfarcted 
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hearts, although transseptal conduction time was prolonged in infarcted 
hearts (45 - 10 msec vs 33 --. 7 msec, p < 0.01). Therefore the information 
integrated from the localization of the epicardial breakthrough and the 
relative timing between the epicardial and the left ventricular endocardial 
breakthroughs can be used to estimate the depth of the site of origin of 
septal ventricular tachycardias. This study confirms that a three-dimen- 
sional view of the substratum of ventricular tachycardia can be derived 
from simultaneous epicardial and left ventricular endocardial mapping 
and can provide a superior basis for therapeutic interventions. (J Thorac 
Cardiovasc Surg 1996;112:914-25) 
T he development of intraoperative mapping techniques has led to successful surgical treat- 
ment of ventricular tachycardias (VTs) associated 
with coronary artery disease and prior myocardial 
infarction. 13 Sites of VT origin have been most 
frequently localized in left ventricular (LV) sub- 
endocardial layers, l' 4.5 and procedures aimed at 
ablating this type of substrate (subendocardial 
resection, cryosurgery, catheter ablation) have 
been widely used to treat patients with recurrent 
sustained monomorphic VT. 3'6s Several experi- 
mental and clinical studies, however, have pointed 
out an important role of intramural or subepicar- 
dial layers in initiating and perpetuating reentrant 
VT. 94a Using biventricular epicardial and LV 
endocardial balloon electrode mapping in patients 
with anterior or inferior infarctions (or both), we 9 
have found that the site of origin was localized to 
subepicardial or deep intraseptal layers in up to 
30% of a series of 47 VT episodes. This experi- 
ence led us to suggest hat a three-dimensional 
view of the substratum of a given VT can be 
derived from simultaneous epicardial and LV 
endocardial mapping and that the information 
regarding the epicardial-LV endocardial relation- 
ship is useful to guide the surgeon toward success- 
ful cryosurgical ablation of complex endocardial, 
intramural, and epicardial substrates. 6' 9 
The results of our mapping studies have indicated 
that the localization of the earliest epicardial and 
endocardial activations were, in many cases, ana- 
tomically consistent; in fact, epicardial mapping 
could predict the site of origin of virtually all free 
wall VTs. 6' 13 However, the epicardial and LV en- 
docardial relationship ismore complex in the case of 
septa! VTs that occurred in 76% of our patients 14 
and that can be associated with remote epicardial 
breakthrough sites. 6' 9 In this series, a subgroup of 
VTs designated as type 5 were associated with a 
higher risk of surgical failure, presumably because 
surgical ablation was performed solely on the LV 
septal surface either by endocardial resection or by 
cryosurgery.6, 15 Type 5 VTs were characterized by 
the occurrence of the epicardial breakthrough in the 
right ventricular (RV) free wall and the fact that the 
breakthrough preceded the earliest LV endocardial 
activation. 9 
The purpose of the current study was to investigate 
the relative timing of epicardial as well as RV and LV 
endocardial activations in patients with septal VT 
through the use of both RV and LV balloon arrays. In 
addition, these mapping data were compared with 
those obtained during VT caused by reentry in a 
canine model of septal infarction. Relative timing 
relationships were investigated in the canine hearts 
during pacing from left, right, and intermediate s ptal 
sites in the presence of a septal infarct. 
Methods 
Clinical study. Eighteen consecutive patients in whom 
intraoperative computer-assisted activation mapping was 
performed to guide the surgical therapy of refractory 
sustained monomorphie VT were selected for this study 
on the basis of the occurrence of at least one VT 
displaying an LV endocardial breakthrough on the inter- 
ventricular septum. All patients, aged 55 ± 10 years (16 
men, two women), had a prior myocardial infarction that 
was anteroseptal in 12 and inferior in six patients. With 
the patient supported by normothermic cardiopulmonary 
bypass with a membrane oxygenator, multiple electrode 
mapping of ventricular activation was accomplished dur- 
ing VT by means of a previously reported technique that 
is briefly described herein. 9
Canine preparations of septal infarction. In 15 dogs 
anesthetized with sodium thiopental and halothane, the 
heart was exposed through a left thoracotomy at the 
fourth intercostal space under sterile technique and the 
pericardium was incised. The anterior septal coronary 
artery was identified at its origin near the bifurcation of 
the left anterior descending and the circumflex coronary 
arteries and was permanently occluded. The pericardium 
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Fig. 1. Schematic representation of the interventricular 
septum featuring a conceptual division into 27 sites. A 
rectangular needle electrode containing three bipolar 
contacts (1 mm interelectrode istance), one at each 5 mm 
commencing at2.5 mm from the angle, is shown plunged 
into the apical middl e septal block from the RV aspect. 
and chest were then closed and postoperative care was 
given until the day of the mapping studies. 
Experimental procedures. Twenty-one mongrel dogs 
weighing 25 to 40 kg were anesthetized with sodium 
thiopental (15 mg/kg) and alpha-chloralose (80 mg/kg) 
and their lungs were mechanically ventilated with a Har- 
vard respirator (Harvard Apparatus Co., Inc., S. Natick, 
Mass.). Anesthesia was maintained with alpha-chloralose 
as required. Of the 21 animals, nine were healthy and 12 
were studied 3 days after the induction of a septai 
myocardial infarction, as described earlier (three of the 15 
animals died suddenly 24 to 48 hours after occlusion of the 
anterior septal coronary artery). The heart was exposed 
through amedian sternotomy and suspended in a pericar- 
dial cradle. Pairs of Teflon-coated silver wires were su- 
tured onto the RV outflow tract and the LV anterior wall 
for programmed extrastimulation. Ventricular electro- 
grams, surface leads I, III, and V 6 electrocardiograms, and 
systemic arterial pressure were monitored on a Nihon 
Kohden polygraph (Nihon Kohden Corp., Tokyo, Japan) 
and stored on magnetic tape (Hewlett-Packard instrumen- 
tation recorder, Hewlett-Packard Co., Andover, Mass.) 
throughout the experiments. After heparin administration 
(3 mg/kg), the aorta and both cavae were cannulated 
directly, and normothermic cardiopulmonary b pass was 
instituted with a bubble oxygenator. The epicardial sur- 
face of the heart was covered with a sock array of 128 
unipolar electrodes. The electrode identification umbers 
were verified to confirm the anatomic orientation of the 
sock array over the epicardium. Sixty-four unipolar elec- 
trograms were recorded from the LV endocardial surface 
by means of an inflatable balloon (Institut de g6nie 
biom6dicai, Ecole Polytechnique, Universit6 de Mon- 
tr6ai) introduced in the intact LV from the left atrium?' 16 
Then the RV cavity was exposed through a wide incision 
in the right atrial free wall. Custom-made rectangular 
needles containing three pairs of bipolar electrodes (dis- 
tal, intermediate, and proximal plunging position) with 5 
mm interelectrode istance and 2.5 mm distal-to-proximal 
pair distance were plunged into nine septal blocks from 
the RV aspect (Fig. 1) for pacing (12 preparations) and 
recording (six preparations). The distance between each 
needle varied from 1.0 to 2.5 cm. Thus this experimental 
setting allowed for pacing and recording from three 
different levels for each block (left, intermediate, and 
right), yielding data for a total of 27 intraseptal sites (Fig. 
1). A specially designed 63-electrode balloon was also 
introduced into the right ventricle across the tricuspid 
valve in all preparations. 
At the end of the mapping experiment, he animal was 
put to death and the heart was excised with plunge needles 
still in place to verify their positions. Data from inade- 
quately positioned needles were deleted from the analysis. 
In the infarct group, the excised heart was cut into 5 mm 
thick slices, which were incubated at 37 ° C for 45 minutes 
in a buffered 2,3,5-triphenyltetrazolium chloride solution. 
This allowed the identification of the position of the 
necrotic mass in relation to the plunge needles. The area 
of necrosis was measured in each specimen by planimetry 
and the necrotic mass was calculated as a percent fraction 
of the total LV myocardial mass. 
Pacing protocols. The animals in both groups were 
subjected to intraseptal pacing trials by stimulation from 
each bipolar electrode of the plunge needles (cycle length 
of 300 msec). Stimuli were rectangular pulses of 2 msec 
duration and twice diastolic threshold intensity. Pro- 
grammed cardiac stimulation was performed to induce 
VT in the infarct preparations. Up to three extrastimuli 
were applied after a train of 10 beats at cycle lengths of 
300 and 250 msec. Each extrastimulus was given at a 
progressively shorter coupling interval in 5 msec decre- 
ments until monomorphic VT was induced, 
Mapping procedure. Electrograms were recorded in 
the unipolar mode simultaneously from the epicardium 
and the endocardium with reference to Wilson's central 
terminal. Intraseptal recordings were made in the bipolar 
mode because needle electrodes were already connected 
for bipolar pacing purposes. Activation sequences were 
displayed on polar epicardial and endocardial grids (Fig. 
2). 
In the clinical setting, epicardial and endocardial re- 
cordings were performed in the same manner as described 
earlier for the animal experiments except that only 63 
electrodes were fixed on the human sock electrode. In 
addition. RV endocardial mapping was performed in 
seven patients with an RV balloon--similar to the one 
used in the experimental setting except for size--which 
was inserted in the RV cavity across the right atrium and 
the tricuspid valve after bicaval cannulation. 
All electrograms were processed and analyzed by means 
of a digital data acquisition system based on a micro-VAX 
host computer (Digital Equipment Corp., Maynard, 
Mass.) and custom-made software, Cardiomap II (Institut 
de g6nie biom6dical. Ecole Polytechnique de Montr6al. 
Universit6 de Montrdal), an upgraded version of the 
system described earlier. 6' 9,17 The signals were amplified 
by programmable-gain nalog amplifiers with a 0.05 to 200 
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Fig. 2. Diagrams howing epicardial and endocardial mapping of VT originating in the left subendocardial 
layers of the septum in a patient with an anteroseptal infarct (shading). The upper panels show the 
epicardial, RV endocardial, and LV endocardial mapping rids representing a polar view of the heart in 
which the base is at the periphery of the circle and the apex is at the center. The epicardial surface is 
classified into five areas: RV free wall area (RVFW), LV free wall area (LVFW), anterior interventricular 
groove area (A1VG), posterior IVG area (PIVG), and apical area (APEX). The endocardial grids display 
their corresponding septal and free wall aspects. Semicircular upward extensions on the RV endocardial 
grid indicate the balloon prolongation into the RV outflow tract (RVOT). The lower panels show VT 
activation sequence maps with isochrone lines drawn at 10 msec intervals. Activation sequence is typical of 
a left septal VT pattern. LAD, Left anterior descending coronary artery; PDA, posterior descending artery. 
Hz bandwidth, multiplexed, sampled at 1 kHz, and con- 
verted to a 10-bit digital format. In unipolar electrograms, 
activation times were determined by a maximum negative 
slope in excess of -0.5 mV/msec as described previous- 
ly.~., ~8 In bipolar electrograms, activation was taken to 
occur at the peak of the deflection with the greatest 
4 /9  amplitude. ' Sites at which unipolar or bipolar electro- 
grams did not fulfill these criteria were considered to be 
unexcitable. Activation times were plotted on their corre- 
sponding rids to allow construction of isochronal maps by 
means of previously described methods. 9'17 
Data analysis. The localization of epicardial break- 
through was classified as follows (Fig. 2, left upper panel): 
the RV free wall area, the LV free wall area, the anterior 
and posterior intervemricular groove (IVG) areas, and 
the apical area (APEX). The anterior and the posterior 
IVGs were defined as a band of tissue encompassing one 
electrode site adjacent o the left anterior or posterior 
descending coronary arteries on each side. The APEX was 
defined as the distal third of the epicardium along the 
basal-apical xis of the heart. 
In the experimental pacing study, the two group of 
preparations (healthy and infarcted hearts) were com- 
pared for (1) the localization of epicardial breakthrough 
Sites, (2) the timing of each breakthrough, (3) the relative 
timing between the epicardial breakthrough and the LV 
endocardial breakthrough, and (4) the relative timing 
between the RV and LV endocardial breakthrough sites. 
The same parameters were analyzed in the VT study. The 
activation pattern during VT was analyzed according to 
the intraseptal recording data. In the pace-mapping study, 
the incidence of maps with each localization of epicardial 
breakthrough related to a specific septal pacing site was 
compared by means of the 2( 2 test. Activation intervals 
were compared between the two groups of dogs by 
analysis of variance. Statistics were expressed as mean + 
standard deviation. A p value of less than 0.05 was 
considered significant. 
The institutional committee on human research ap- 
proved the clinical study protocol. All experimental pro- 
cedures were carried out in accordance with the guide- 
lines of the Canadian Council for Animal Care. 2° 
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Fig. 3. Diagrams howing epicardial and endocardial mapping of VT originating in the right subendocar- 
dial layers of the septum in a patient with an anteroseptal infarct. The format is as in Fig. 2. 
Table I. Characteristics of VTs 
Dog 
Localization and timing (msec) of breakthrough 
Infarct CL Intraseptal Site of 
(%) VT (msec) recording Mechanism earliest activation EPI Subgroup RV LV 
1 4.7 1 96 - - -  EPI  RVFW (0) - -  - -  BA (34) 
2 - - -  EPI  RVFW (0) - -  - -  CA (28) 
3 114 - - -  LV RVFW (8) - -  - -  BM (0) 
2 2.0 4 174 - - -  EPI  RVFW (0) - -  - -  CM (10) 
3 0.8 5 108 - - -  EPI  RVFW (0) - -  - -  BM (28) 
4 3.5 6 186 - - -  EPI  A IVG (0) A IVG-1 BA (58) CA (30) 
5 1.1 7 118 - - -  RV RVFW (24) ~ BM (0) CM (26) 
6 6.6 8 156 + Macroreentry BAL A IVG (32) AIVG-1 BA (20) CM + BA (10) 
7* 4.8 9 142 + Focal BAL A IVG (18) AIVG-1 BA (26) BA (16) 
8 8.3 10 134 + Macroreentry CAR RVFW (18) - -  AM (22) BA (30) 
11 166 + Focal LV A IVG (24) A IVG-2 BA (36) BA (0) 
9 1.2 12 182 + Focal CMM RVFW (12) - -  AM (8) CM (14) 
10 3.8 13 190 + Focal LV A IVG (26) A IVG-2 CA (42) CM (0) 
11" 4.8 14 176 + Macroreentry BAL A IVG (16) AIVG-1 BA (16) CA (12) 
Mean 3.8 146 
SD 2.4 34 
I/Z Ventricular tachycardia; CL, cycle length; EPI, epicardial breakthrough; LV, left ventricular endocardial breakthrough; RV, right ventricular endocardial 
breakthrough; BAL, basal anterior left septal block; CAR, central anterior ight septal block; CMM, central middle intermediate s ptal block; RVFW,, right 
ventricular f ee wall; AIVG, anterior interventricular g oove; BA, basal anterior area; BM, basal middle area; AM, apical middle area; CA, central anterior 
area; CM, central middle area; SD, standard eviation. 
*Right bundle branch block pattern seen on normal sinus rhythm map. 
Results 
Septal VT: clinical study. In the 18 patients, a 
total of 31 septal VTs displaying distinct morpholo- 
gies were mapped by means of epicardial and LV 
endocardial electrode arrays. Two situations were 
encountered. In 20 VTs (cycle length 282 + 67 
msec), the earliest activation was detected on the 
LV aspect of the septum, and it preceded the 
epicardial breakthrough (Fig. 2, lower maps). Con- 
versely, the earliest epicardial breakthrough (local- 
ized in the RV free wall) preceded the LV endocar- 
dial activation in 11 VTs (cycle length 277 _+ 80 
msec, p = not significant) (Fig. 3). 
Fig. 2 shows an example of the first situation in a 
patient in whom RV endocardial activation was 
mapped concomitantly with epicardial and LV en- 
docardial activation. LV endocardial activation (0) 
preceded RV endocardial activation (28 msec) and 
epicardial breakthrough (40 msec) that occurred in 
the anterior IVG area. In the 20 VTs of this type, 
the epicardial breakthrough occurred in either the 
anterior (n = 8) or posterior (n = 10) IVG and in 
the RV free wall in only two VTs. In Fig. 3, 
illustrating the second situation, the RV endocardial 
activation (0) preceded both the epicardial break- 
through (6 msec) and the LV endocardial ctivation 
(10 msec). In the 11 VTs of the second type, the 
epicardial breakthrough usually occurred in the 
anterior RV free wall (n = 7); it was localized in the 
anterior IVG in only one and in the posterior IVG 
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Fig. 4. Epicardial and endocardial maps and selected electrograms of a VT exhibiting an RV free wall 
epicardial breakthrough (Table I, dog 8, VT 10). A, The left upper inset shows a diagram of the epicardial 
activation sequence map during normal sinus rhythm (NSR) in dog 8. The right upper diagram shows the 
epicardial map during VT 10. The bottom inset indicates the localization of the selected recordings 
and their relationship to the infarct mass through ventricular cross section. B, Unipolar (C, D, F, and G) 
and bipolar (A, B, and E) electrograms recorded from selected sites on the endocardial surface and 
intraseptally (see panel A). Activation times are indicated by arrows. A vertical line was drawn at the zero 
activation time. bi, Bipolar; U, unipolar; RVOT, RV outflow tract. 
in three of the remaining VTs (X 2, p < 0.01). In 13 
VTs for which an RV endocardial map was ob- 
tained, the right-sided septal activation preceded 
that of the left-sided septal activation in all (5/5) 
VTs with an RV free wall epicardial breakthrough, 
whereas only three of the eight VTs with an epicar- 
dial breakthrough in the IVG areas had an earlier 
RV septal breakthrough. Thus the origin of septal 
VTs could occur closer to the RV or LV aspect of 
the septum, yielding in each case a set of distinct 
mapping characteristics that included the relative 
timing of the RV endocardial, LV endocardial, and 
epicardial breakthrough, as well as the localization 
of the epicardial breakthrough in either the RV free 
wall or anterior [VG. 
Septal VT: animal study. In infarcted heart prep- 
arations, the necrotic mass was localized within the 
basal anterior two thirds of the septum and encom- 
passed 3.8% _+ 2.4% of the total LV mass. Fourteen 
VT episodes, 13 of which lasted for more than 100 
beats, were induced in 11 of the 12 surviving infarct 
preparations (Table I). Their mean cycle length was 
146 _+ 34 msec. The epicardial breakthrough was 
localized in the RV free wall in eight VTs and in the 
anterior IVG area in the other six VTs. In the latter, 
the free wall was activated more rapidly and the 
latest epicardial activation occurred in the postero- 
lateral region of the LV in four VTs, suggesting a
right bundle branch block pattern. In the remaining 
two VTs, propagation occurred in a more balanced 
fashion between the RV and LV free walls, and the 
latest activation occurred in the posterior basal RV, 
thereby suggesting a left bundle branch block pat- 
tern. Epicardial breakthroughs localized in the RV 
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Fig. 5. Epicardial and endocardial maps and selected electrograms of a VT exhibiting an epicardial 
breakthrough in the anterior IVG area (Table I, dog 6, VT 8). A, The right upper diagram shows the 
epicardial map during VT. Endocardial maps indicate that the earliest activation (zero time, site A) 
occurred within the LV third of the septum. The wave front then divided in two directions to give two 
separate LV endocardial breakthroughs (dot at 12 msec and site C). They were followed by two semicircular 
wave fronts that merged on the basal anterior septum (site F) and then plunged into the septum (site G). 
The RV endocardium was activated passively in a concentric spread from the breakthrough site (20 msec) 
toward the base of the right ventricle. B, Unipolar (C, D, E, and F) and bipolar (A, B, and G) electrograms 
recorded from selected sites on the endocardial surface and intraseptally (seepanelA). Activation times are 
indicated by arrows. A vertical line was drawn at the zero activation time. The electrogram recorded from 
site A displayed a double potential (122 and 156 msee), the second one of which corresponded to the 
beginning of the next beat. hi, Bipolar; U, unipolar. 
flee wall area were associated with the occurrence 
of the earliest endocardial site of activation in the 
RV aspect of the septum, whereas epicardial break- 
throughs localized in the anterior IVG area were 
associated with the occurrence of the earliest endo- 
cardial site of activation in the LV aspect of the 
septum. 
In six preparations ( even VTs) in which detailed 
transseptal mapping was performed in addition to 
epicardial and endocardial mapping, reentry was 
mapped in three VTs, as illustrated for one display- 
ing an epicardial breakthrough in the RV free wall 
(Fig. 4) and another displaying a breakthrough in
the anterior IVG (Fig. 5). In Fig. 4 the earliest 
activation (A, 0 time) occurred within the septum 
(RV third). Activation spread out from this septum 
and was conducted back toward the RV septal 
surface (A to D), where the maximum delay oc- 
curred (E, 104 msec; F, 120 msec), leading to 
generation of the next VT cycle (A, 134 msec). Thus 
this VT was presumably caused by a reentrant 
mechanism localized within the RV third of the 
septum from which a wave front spread out to 
activate the LV endocardium. The resulting epicar- 
dial-endocardial relationship was similar to that 
seen clinically in patients with type 5 VTs (see Fig. 
3). Possible involvement of the right bundle branch 
was suggested by the fact that the epicardial break- 
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Fig. 6. Maps obtained by pacing the right anterior central and the left anterior central septal sites in 
healthy and infarcted heart preparations. A, Healthy heart preparation: pacing from the RV (left-hand 
maps) and the LV (right-hand maps) thirds of the septum. B, Infarcted heart preparation. This infarct 
preparation was the same as that in which VT 10 was induced (see Fig. 4). 
through was localized in the RV free wall similar to 
that occurring during sinus rhythm (see Fig. 4, A, 
upper left-hand comer). 
In Fig. 5, the earliest site of activation was also 
localized within the septum, but in its LV third. In 
contrast to Fig. 4, this VT was presumably caused by 
a reentrant mechanism located within the LV third 
of the septum from which a wave front spread out to 
activate the RV endocardium. The latter was acti- 
vated in a concentric spread from the breakthrough 
site (20 msec) and the epicardial breakthrough 
occurred later (32 msec) in the anterior IVG area. 
This pattern corresponded to clinical septal VTs 
originating in left-sided layers of the septum, as 
illustrated in Fig. 2. 
Septal pacing studies. During sinus rhythm, the 
earliest activation was detected on the LV endocar- 
dial aspect of the septum. This activation was fol- 
lowed by activation of the RV septal aspect and by 
epicardial breakthrough in the RV free wall. This 
pattern, which is similar to previously reported 
data, 2~ occurred in all healthy and in most (10/12) 
infarcted heart preparations. In the remaining two 
infarcted heart preparations, the ventricular activa- 
tion patterns were altered by bundle branch block. 
During intraseptal pacing near the RV endocardium 
in a healthy preparation (Fig. 6, A, left), the earliest 
activation was detected in the corresponding septal 
region and preceded LV endocardial activation (by 
20 _+ 10 msec), and the epicardial breakthrough 
occurred in the RV free wall concomitantly with LV 
endocardial activation ( -3  + 18 msec). The region 
over which the RV epicardial breakthrough oc- 
curred was similar to that in sinus rhythm. During 
intraseptal pacing near the LV endocardium (Fig. 6, 
A, right), the earliest LV endocardial activation 
preceded RV endocardial activation (by 12 + 12 
msec) and the epicardial breakthrough occurred in 
the RV free wall (21 + 16 msec later) but in a more 
anterior location that was distinct from the break- 
through area in sinus rhythm. When intraseptal 
pacing was performed in infarcted heart prepara- 
tions (Fig. 6, B), conduction time from the RV to 
LV endocardial aspects of the septum was signifi- 
cantly increased (from 20 + 10 msec in healthy 
hearts to 28 + 9 msec, p < 0.005); the RV epicardial 
breakthrough preceded the earliest LV endocardial 
activation (by 6 _+ 16 msec) (Fig. 6, B, left), as seen 
earlier with human and animal VTs originating from 
the RV septal region. This can be appreciated by 
comparing Fig. 6, B, and Fig. 4, which report data 
during right septal pacing and VT induced in the 
same preparation and show similar epicardial break- 
through localizations in both. During pacing near 
the LV endocardial aspect, the relative timings 
between LV and RV endocardial activations (10 + 
12 msec) and LV endocardial and RV epicardial 
breakthroughs (18 + 13 msec) were similar to those 
occurring in healthy hearts. However, the epicardial 
breakthrough occurred more anteriorly in the RV 
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free wall (Fig. 6, t3, right) or anterior IVG, a 
situation that was also encountered in VTs in human 
beings (see above, Fig. 2) and in animal VTs origi- 
nating from LV septal segments (see above, Fig. 5). 
The presence of an infarct in the interventricular 
septum decreased the incidence of RV free wall 
breakthrough during leftward pacing from 58% to 
27% (p < 0.05) and from 97% to 74% (p < 0.05) 
during rightward pacing. The incidence of anterior 
IVG breakthroughs was higher during pacing from 
leftward sites than from any other site, especially in 
infarcted heart preparations (42% and 10% for 
infarcted vs normal preparations, respectively, p < 
0.01) and was never produced by rightward pacing. 
The incidence of apical and posterior IVG break- 
through sites was not significantly influenced by the 
location of the pacing electrode. LV septal pacing 
from anterior and posterior sites produced epicar- 
dial breakthrough sites more frequently localized in 
the interventricular eas, whereas pacing from left 
middle segments produced more frequent RV free 
wall breakthrough sites. 
The activation time of epicardial and endocardial 
breakthrough sites for pacing trials from each septal 
third indicated that the timing of the RV endocar- 
dial breakthrough did not differ between healthy 
and infarct preparations except during left-sided 
septal pacing, in which the stimulus to RV endocar- 
dial activation interval was significantly greater in 
the infarct group (37 +_ 9 vs 32 ___ 9 msec, p < 0.001). 
The stimulus to LV endocardial activation intervals 
was significantly prolonged in infarcted hearts in 
response to right, intermediate, or left-sided septal 
pacing (38 +- 8, 28 + 9, and 19 + 7 msec vs 48 +_ 9, 
36 +_ 10, and 28 +_ 10 msec, respectively, p < 0.001). 
Interestingly, the stimulus to epicardial break- 
through intervals did not vary between healthy and 
infarcted heart preparations or on the basis of the 
pacing site. 
The relative timing of the earliest activations 
between the epicardium and LV endocardium and 
the RV-LV endocardial surfaces during VT and 
during septal pacing shifted toward positive values 
(i.e., LV endocardial activation preceding) as the 
pacing sites or the VT site of origin moved leftward. 
In VTs displaying an epicardial breakthrough in the 
RV free wall, the RV epicardial breakthrough and 
RV endocardial breakthrough preceded the LV 
endocardial breakthrough (by 14 _+ 14 and 13 _+ 9 
msec, respectively), whereas they followed the LV 
endocardial breakthrough in VTs with an anterior 
IVG breakthrough (by 8 +_ 19 and 22 ± 14 msec, 
respectively). When pacing was performed from the 
right side of the septum, the endocardial break- 
through occurred significantly earlier in the infarct 
group, but the difference was not significant for the 
other (intermediate and left) septal pacing sites. 
Discussion 
The data presented herein support he notion that 
there is a conceptual continuity between septal VTs 
in which reentry may (1) occur completely in sub- 
endocardial layers on the LV aspect of the septum, 
(2) involve intraseptal layers, or (3) occur com- 
pletely in subendocardial l yers on the RV aspect of 
the septum. In the first situation, a complete reen- 
trant circuit can be mapped on the LV endocardial 
surface; if the circuit is located slightly deeper into 
the septum, the earliest activation can be detected 
on the LV endocardial surface. In situations 2 and 3, 
activation spreads away from the LV endocardial 
breakthrough site, which was preceded by the epi- 
cardial breakthrough occurring on the RV free wall. 
The RV epicardial-LV endocardial interval was 
greater in situation 3 than in situation 2. This was 
confirmed by transseptal pacing, as well as by the 
creation of a septal reentry substrate in canine 
preparations. 
In the present study, we examined epicardial 
activation patterns during pacing from several intra- 
septal sites in normal and infarct canine prepara- 
tions and during VT induced in the infarct prepara- 
tions. The results showed the following: (1) The 
incidence of RV free wall epicardial breakthrough 
sites decreased and anterior IVG area breakthrough 
sites increased as the pacing site or the VT site of 
origin moved from the right to the left septum; (2) 
transseptal impulse propagation was significantly 
delayed by septal infarction; (3) the location of the 
epicardial breakthrough was influenced by the exis- 
tence of a septal infarct; and (4) in the canine septal 
infarct model, three types of VT could be induced, 
which displayed epicardial breakthrough sites corre- 
sponding to those produced uring pacing from the 
septal region corresponding to the sites of earliest 
activation during the VT. 
The study confirms a previous report by Tweddell 
and associates 22showing that reentrant VT can be 
induced in the canine anterior septal infarct model. 
Most canine models of VT are produced by the 
occlusion of the anterior descending coronary ar- 
tery, resulting in anterior free wall infarctions. 21' 23 
Although excellent o study the reentrant mecha- 
nism of ischemic VT caused by a subepicardial 
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substrate, the infarct localization does not have any 
septal extension. 23 In the human being, the origin of 
chronic VT is localized to the endocardium and the 
majority of VTs are associated with septal extension 
of the infarct. 4-7' 9, 15.14 At necropsy of patients with 
septal VT, Bolick and colleagues 24found that the 
left anterior two thirds or the posterior third of the 
septum (depending on the occluded artery) were 
involved by the necrotic process and that the infarct 
mass per se may act as a barrier against intramural 
impulse propagation. Moreover, the right half of the 
septum might be playing a role analogous to that of 
the subepicardium in free wall VTsY' 26 In this 
regard, we 27 have demonstrated that septal infarc- 
tion profoundly affects LV endocardial activation 
during sinus rhythm in patients with chronic myo- 
cardial infarction. In the dog, 75% of the septal 
arterial supply is provided by one single artery, the 
anterior septal coronary artery. 28 Thus the model of 
anterior septal artery occlusion appeared to produce 
VT with an activation pattern closer to the situation 
seen in human beings. The data reported by Twed- 
dell and coworkers 22 indicated that among the 15 
VTs mapped in their study, the earliest activation 
occurred on the LV endocardial surface in 11 and 
on the RV septal surface in three. The activation 
sequence of the epicardium was characterized by 
concentric spread of activation, but localization of 
epicardial breakthrough sites and their relative tim- 
ing with reference to that of LV and RV endocardial 
septal breakthroughs were not detailed. Our study 
shows that the site of epicardial breakthrough was 
related to the site of earliest septal activation in both 
the clinical and the experimental situations, whether 
complete reentrant activity or only a focal pattern 
could be mapped on the septal endocardial surface. 
The relationship between RV epicardial and LV 
endocardial breakthrough sites was determined by 
the location of the site of earliest septal activation. 
When activation was first detected at RV septal 
sites, RV epicardial breakthrough preceded LV 
endocardial activation. Thus the time relationship 
between these two breakthrough sites can be used as 
an indirect indication of the depth of the exit point 
from the reentrant circuit. 
Pace-mapping study. The present study comple- 
ments that of Smith and associates, 29who studied 
epicardial activation patterns in response to pacing 
from multiple intraseptal sites in the healthy canine 
heart. They also showed that pacing from right- 
sided septal segments produced epicardial break- 
through in the right ventricle. In the presence of 
septal infarction (which was localized in the left half 
of the septum), the timing of the LV endocardial 
breakthrough during right septal pacing was signif- 
icantly delayed in comparison with healthy prepara- 
tions, whereas timing of the epicardial breakthrough 
and RV endocardial breakthrough was not affected. 
In intermediate and left septal pacing trials, the 
infarct mass disturbed leftward impulse propaga- 
tion. One possible explanation is that the infarct 
mass might have acted as a barrier preventing the 
impulse from capturing the left bundle branch and 
thereby favoring a breakthrough in the anterior IVG 
area rather than at the point of insertion of the right 
bundle branch in the RV free wall. The similarity 
between the epicardial map during sinus rhythm and 
that obtained during VT is consistent with retro- 
grade activation of the left bundle branch and 
antegrade conduction down the right bundle branch. 
However, preferential conduction related to muscle 
fiber orientation may also be involved in directing 
the impulse toward the right paraseptal region (an- 
terior IVG) or free wall. 25 
The present study demonstrates that simulta- 
neous epicardial-LV endocardial mapping during 
VT associated with infarction in the clinical or 
experimental setting can predict the localization of 
the septal site of origin of the VT, obviating the 
need for RV endocardial mapping: (1) An RV 
anterior free wall breakthrough preceding the LV 
endocardial breakthrough predicts a site of origin 
located in the right subendocardial layers of the 
interventricular septum; (2) an epicardial break- 
through occurring in the anterior IVG area suggests 
that the VT originates in the left subendocardial 
septal ayers. 
Implications. Because the occurrence of a type 5 
VT may influence postoperative r sults, its preop- 
erative detection appears desirable both for select- 
ing a patient for surgical therapy and for defining 
the type of ablative procedure to be performed. 
Body surface potential mapping has been proposed 
as a method of preoperative identification of VT 
substrates. 3° However. it is more sensitive to epicar- 
dial than to intramural and intraseptal activation. 
The present study provides important clues to the 
interpretation of body surface maps in predicting 
the sites of origin of VT. 
Up until 1989, the technique used in our institu- 
tion to ablate VT substrates consisted of cryosurgery 
alone applied regionally to the endocardial half of 
the LV encompassing the site of earliest activation. 6 
Our concerns regarding the significance of type 5 
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VT is prompted us to modify the surgical technique 
used for septal VT ablation. This modification 
consisted of producing transmural freezing injury 
of the septum by resecting all visible scar from the 
LV septal surface before the application of cryosur- 
gery inside the margins of this resection. We believe 
that the cryoprobe should be applied during cold 
blood cardioplegic arrest o allow a deeper freezing 
injury and also because myocardial contact of the 
cryoprobe is facilitated in a flaccid heart. This 
modification is performed whenever a type 5 VT is 
identified at mapping. Preliminary information indi- 
cates that the success rate of the operation will be 
improved significantly if these principles are fol- 
lowed. 15 The present study not only confirms these 
previous assumptions about type 5 VTs, but also 
suggests that a three-dimensional view of the sub- 
stratum of VT can be derived from simultaneous 
epicardial and LV endocardial mapping, thereby 
providing a superior basis for therapeutic nterven- 
tions. 
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